T-cell receptor-CD3 complex (TCR) is a versatile signaling machine that can initiate antigen-specific immune responses based on various biochemical changes of CD3 cytoplasmic domains, but the underlying structural basis remains elusive. Here we developed biophysical approaches to study the conformational dynamics of CD3ε cytoplasmic domain (CD3ε CD ). At the single-molecule level, we found that CD3ε CD could have multiple conformational states with different openness of three functional motifs, i.e., ITAM, BRS and PRS. These conformations were generated because different regions of CD3ε CD had heterogeneous lipid-binding properties and therefore had heterogeneous dynamics. Live-cell imaging experiments demonstrated that different antigen stimulations could stabilize CD3ε CD at different conformations. Lipid-dependent conformational dynamics thus provide structural basis for the versatile signaling property of TCR.
Introduction
A key feature of adaptive immunity is the antigen specificity. Different pathogens can trigger distinct adaptive immune responses, but the underlying molecular mechanism is not fully understood. Adaptive immune response is initiated by the engagement of T-cell receptor-CD3 complex (TCR) with antigenic peptide presented by MHC molecule (pMHC) [1] [2] [3] [4] [5] [6] , which can trigger downstream signaling pathways to activate T cells [7, 8] . Recent works demonstrate that TCR is not a binary (active or inactive) but a versatile signaling machinery that can trigger antigen-specific effector function of T cells [9] [10] [11] [12] [13] [14] . For example, in a Listeria monocytogenes infection model, antigen with long TCR-pMHC interaction time induces the biased differentiation to T follicular helper cells, while antigen with short TCR-pMHC interaction time induces the biased differentiation to T helper 1 cells [11, 12] . For CD8 + T cells, antigen with high TCR affinity induces asymmetric cell division and differentiation into tissue-infiltrating effector cells, whereas antigen with low TCR affinity induces symmetric cell division and impaired differentiation into effector cells [14] . These observations demonstrate that diverse T-cell immune responses are determined by versatile TCR signaling.
A TCR contains four subunits, an antigen-binding TCRαβ subunit and three signaling subunits, CD3εδ, CD3εγ and CD3ζζ [15] . The TCRαβ subunit recognizes antigen on the extracellular side but cannot trigger intracellular signaling because its cytoplasmic domains do not contain signaling motif. All CD3 chains have immunoreceptor tyrosine-based activating motif (ITAM) in their cytoplasmic domains. The phosphorylation of ITAM tyrosines leads to the recruitment of syk kinase member ZAP70, thus triggering downstream activating pathways [7, 8] . Earlier biochemical studies show that different antigens can trigger distinct ITAM phosphorylation programs [16] . Besides the ITAM, other motifs in CD3 cytoplasmic domains also play important roles in TCR signaling, including the lipid-interacting Basic residue Rich Sequence (BRS) in CD3ε and CD3ζ chains and the Nck-interacting Proline-Rich Sequence (PRS) in CD3ε chain [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The physiological importance of BRS and PRS has been demonstrated by in vivo experiments [25, 28, 33] . Mutation of CD3ε BRS leads to impaired thymocyte differentiation and positive selection as well as limited peripheral T cell function, due to abnormal TCR surface level and signaling. CD3ε PRS enhances TCR sensitivity to weak ligands [20, 21] . Mutation of PRS inhibits TCR phosphorylation and signaling [22] . Therefore, the three functional motifs, i.e., ITAM, BRS and PRS, act together to regulate the versatile function of TCR.
A longstanding puzzle of TCR transmembrane signaling is how different interactions between TCR and pMHC at the extracellular side can trigger distinct biochemical changes of the three functional motifs in CD3 cytoplasmic domains. Several lines of evidence strongly suggest that conformational change may play an important role in this process. First, antigen engagement causes the conformational change of the AB loop of TCR extracellular domain, which might be transmitted to the contacting CD3 extracellular domains to trigger signaling [34, 35] . Second, antigen engagement induces the exposure of CD3ε PRS to recruit the adaptor protein Nck [23] . Intriguingly, only strong antigen but not weak antigen can induce the intracellular PRS exposure [24] . Third, the conserved cysteine motif in the CD3 stalk regions maintains the conformations of CD3 transmembrane and cytoplasmic domains [36] . Mutation of a Cys residue in the CD3ε stalk region to prevent the outside-in conformational transition leads to the blockade of αβ T cell development and impaired peripheral T cell function due to abnormal pre-TCR and TCR signaling [18, 19, 37] . Fourth, mechanical force has been shown to be critical for TCR signaling and might directly cause CD3 conformational change [2, [38] [39] [40] [41] [42] [43] [44] . These studies highlight the importance of conformational change in TCR triggering. It is reasonable to speculate that different antigens may result in different degrees of conformational change, which leads to distinct TCR signalings.
In resting T cells, no basal phosphorylation of CD3ε is detected and only a small fraction of CD3ζ is partially phosphorylated [29, 45] , which strongly suggests that CD3ε/ζ cytoplasmic domains adopt a closed conformation at quiescent stage. There is emerging evidence showing that phospholipids in the plasma membrane play important roles in regulating CD3 conformations [46] . The cytoplasmic domains of CD3ε and ζ chains are enriched in basic residues and can ionically interact with the acidic phospholipids in the plasma membrane [17, [25] [26] [27] [28] [29] 47] . The Nuclear Magnetic Resonance (NMR) structure of the lipid-bound CD3 cytoplasmic domain (CD3ε CD ) shows that CD3ε CD protein backbone is localized at the interface of the lipid hydrophobic acyl-chain region and hydrophilic headgroup region [29] . The ITAM tyrosine side-chains insert deeply into the membrane hydrophobic core, rendering them inaccessible to Lck in resting T cells. The BRS and PRS regions are also protected by the membrane from being recognized by downstream signaling molecules. This conformation is referred as a "closed" state. Upon antigen stimulation, the lipid-bound CD3ε/ζ cytoplasmic domains need to be dissociated from the membrane and become "open" to allow biochemical modification or binding with downstream molecules. T cell signaling can be divided into three stages: initial triggering by antigen, signaling amplification and signaling sustainment. At the amplification and sustainment stages, the elevation of local Ca 2+ concentration can lead to the dissociation of CD3ε/ζ cytoplasmic domains from the membrane and the subsequent ITAM tyrosine phosphorylation, which is caused by the neutralization of negative charges of acidic lipids by Ca 2+ [30] . Other factors such as the decrease of local acidic lipid concentration have been shown to contribute to the membrane dissociation of ITAM as well, but the time windows of these effects need to be further clarified [27, 32] . Until now, it is still unknown how CD3 becomes open at the initial antigen triggering stage. Nevertheless, the binary "closed" and "open" CD3 conformations cannot explain the functional versatility of TCR. We hypothesized that there might be multiple intermediate conformations of CD3 cytoplasmic domains with different openness of the three functional motifs. Antigens with different TCR binding kinetics might stabilize different conformations of CD3 cytoplas-mic domains to trigger distinct downstream signalings.
In this work, we have studied the functional relevance of this hypothesis in TCR signaling, using CD3ε as an example because it has all three types of functional motifs. We firstly developed an Atomic Force Microscopy (AFM) system to study the closed-to-open conformational transition of CD3ε cytoplasmic domain at the single-molecule level. Our data clearly indicated the presence of multiple conformations of CD3ε cytoplasmic domain with different openness of ITAM, BRS and PRS. NMR spectroscopy experiments, mainly solvent paramagnetic resonance enhancement (sPRE), were performed to probe the conformational dynamics of CD3ε cytoplasmic domain at the atomic resolution. Different regions of CD3ε cytoplasmic domain showed heterogeneous lipid-dependent dynamics, which provided the basis for the multiple conformations. Live-cell imaging experiment confirmed the physiological relevance of heterogeneous CD3ε conformations induced by different antigen stimulations. Our study thus presents a new concept that lipid-dependent CD3 conformational dynamics directly regulates antigen-specific signaling of TCR.
Results

Closed-to-open conformational transition of CD3ε cytoplasmic domain measured at the single-molecule level
We used AFM to study the transition process of CD3ε CD from the closed conformation (lipid-bound) to the open conformation (solvent-exposed) at the single-molecule level. An advantage of single-molecule measurement is that weakly populated intermediate states generally hidden in ensemble bulk studies can be readily detected with high accuracy [48] .
Due to technical difficulties, we cannot perform AFM measurement directly on the inner leaflet of the plasma membrane inside a live cell. Therefore, fresh plasma membrane sheets (PMSs) were prepared instead to provide a physiologically relevant lipid environment [49] [50] [51] for studying CD3ε conformational transition (Supplementary information, Figure S1A ). Cells were attached to cover glasses and a swelling-ripping method was used to prepare PMSs with the inner leaflet of the plasma membrane facing upward. Proteinase K was applied to PMSs to digest membrane surface proteins. Fluorescence staining showed that there were nearly no cytoskeleton proteins left on the inner leaflet of the PMSs ( Figure 1A) . Moreover, AFM scan showed that PMSs had smooth surface and had the physiological height of native lipid bilayer (~6 nm; Figure 1B and 1C), which agrees well with the previous finding [52] . These data strongly suggested that the Proteinase K-treated PMSs had fully exposed lipid surface for studying CD3ε cytoplasmic domain binding and dissociation.
We then conjugated either the C-terminus or the N-terminus of the CD3ε CD peptide to an AFM cantilever tip via a bifunctional PEG5000 linker through thiol-maleimide conjugation and used it for rupture force measurement ( Figure 1D ). In the conjugation experiment, we have made the density of the peptide attached to the cantilever as low as possible (10-fold less than the regular concentration) [53, 54] and used 17.5 times molar excess mono-functional PEG to compete with bifunctional PEG to reduce multiple labeling of CD3ε CD peptide [55] [56] [57] . This protocol has been proven to be effective in single-molecule studies [56] [57] [58] . The peptides were chemically-synthesized with more than 95% purity. In the AFM measurement, the CD3ε CD -conjugated cantilever was firstly approached to PMSs and remained still at a constant force of 100 pN for 1 s to allow the protein-membrane interaction. Similar low contact forces have been widely used by the AFM community to study physiological systems with membranes to avoid disrupting membrane structures [59] [60] [61] . We analyzed the mechanical properties of PMSs by fitting the contact region in the approaching trace using the Hertz model (Supplementary information, Figure S1B ). Gauss fitting to the histogram of Young's modulus showed an average of ~0.7 MPa (Supplementary information, Figure S1C ), consistent with previous reports on the supported membrane [62] , which strongly suggested that the AFM tips actually pressed on the intact PMSs during the detection. The cantilever was then retracted from the membrane at a constant pulling speed to pull CD3ε CD off the membrane ( Figure 1E and 1F) .
The brief contact between CD3ε CD peptide and PMS had resulted in low frequency of specific rupture force events (~3.6% shown in Figure 2A ). The specific rupture force events (simplified as force events in the following text) that we selected all can provide a clear force peak above the baseline of thermal noise and the force-extension relationship can be fitted by worm-like chain (WLC) model of polymer elasticity (Supplementary information, Figure S1D) . The thermal noise level was ~10-15 pN, taken as the standard deviation of the baseline of the force-extension curves, which set the force detection limit in our experiments (Supplementary information, Figure  S1E ). Generally, nonspecific Van der Waals interactions were not detectable in our measurement. Assuming the adhesion bond formation obeyed Poisson statistics, an adhesion frequency of ~3.6% in the force measurements implies that among the observed force events, the probabilities of forming a single, double, and triple adhesion bonds between CD3ε CD peptide and the PMS were AFM scan showed that the height of the PMS was ~6 nm that is the physiological height of native lipid bilayer. It was a representative image of 6 images in one experiment, and this experiment was repeated for three times. (D) AFM tip surface was firstly amino-functionalized by APTES, and then modified by a bi-functionalized PEG linker (molecular weight: 5 000) through an NH 2 -NHS reaction. The hCD3ε CD peptide was then conjugated to the PEG linker through a thiol-maleimide reaction. The additional cysteine added to the terminus of hCD3ε CD was labeled in red. (E) A schematic illustration showing the measurement of the closed-to-open conformational transition of hCD3ε CD by AFM. First, the cantilever was set at the up position and both the hCD3ε CD peptide and the tip were apart from the plasma membrane sheet (PMS). Second, the cantilever was approached toward the PMS to allow the peptide to contact with the PMS. Third, the cantilever was further approached toward the PMS and the tip became in contact with the PMS, which caused a certain degree of cantilever deflection. Fourth, the cantilever was retracted from the PMS, which caused the leave of the tip from the PMS and the disappearance of cantilever deflection. Fifth, the cantilever was further retracted and the interaction between the peptide and the PMS caused opposite-directional deflection of the cantilever. Sixth, the cantilever was further retracted and both the tip and the peptide left the PMS. (F) One typical force-distance curve measured by the AFM setup. Approaching and retraction force curves were labeled in gray and blue colors, respectively. The 6 steps mentioned in E were marked at the corresponding positions in the force-distance curve. The retraction force curve was fitted by the WLC model (black curve). 98.2%, 1.7%, and 0.1%, respectively [63] . Therefore, our experimental condition ensured a > 98% probability that the adhesion event was mediated by a single bond. We observed a substantial amount of rupture events for the CD3ε CD peptide pulling from either side of the peptide but not for the PEG linker control (Figure 2A ). Previous studies strongly suggest that the juxtamembrane BRS region (KNRKAKAK) is the major lipid-binding site of CD3ε CD [29] . Mutating key basic resides in this site dramatically reduced both the frequency and the force value of rupture force events (Figure 2A and 2B) , indicating that the force events observed for CD3ε CD wild-type (WT) peptide were specifically caused by the ionic CD3ε CD -lipid interaction. This finding was further corroborated by analyzing the mechanical signature of the force peaks. When the C-terminus of CD3ε CD peptide was conjugated to the cantilever tip via a PEG linker, the distance (contour length) of the rupture events to the membrane surface should equal the length of the PEG linker (~30 nm) plus the length of CD3 CD peptide before the binding site (in total ~16.3 nm based on the assumption of 0.34 nm per amino acid residue). As expected, the observed CD3ε CD rupture force peak typically occurred at a tip-surface distance of 43.49 ± 1.43 nm ( Figure 2C ). Normalized force-extension traces to the same contour length showed that all force traces that we measured were superimposable (Supplementary information, Figure S2A and S2B). Fitting the force curves using the WLC model of polymer elasticity yielded a persistence length of 0.372 ± 0.002 nm ( Figure 2D ), which was the usual value of a single unfolded protein or a PEG linker [64] . In case of simultaneous rupture of two or more peptides from PMS, the persistence length (p) of WLC fitting will be half or less (p n = p 1 /n, where p n and p 1 denote the persistence lengths for n interactions and a single interaction, respectively).
Supplementary information, Figure S2E shows that our force curve was fitted perfectly with p-value of 0.36 nm but not other p-values, therefore supporting the conclusion that our force curves are not from two or more molecules. The membrane-based AFM assay is therefore a reliable new method to study the closed-to-open conformational transition of CD3ε CD at the single-molecule level.
It is worthy to point out that rupture force of an AFM experiment is measured under non-equilibrium conditions, thus the force value depends significantly on the loading rates [65] . Therefore we mainly used AFM to measure the dynamics of CD3ε-membrane interaction rather than the absolute force values and binding energies. Our force value cannot be directly compared with the TCR-pMHC interaction forces measured by other systems because of the setup difference [2, 38, 43] . Nevertheless, our force value is within the physiological range. For example, the force range of receptor-ligand interaction is within 20-200 pN [66] .
Detection of a secondary lipid-binding site of CD3ε CD
In addition to one-peak events, we also observed a substantial amount of two-peak events showing a secondary peak prior to the major peak when pulling from the C-terminus ( Figure 3A ). The major rupture force peak occurred at the tip-surface distance that accounted for the N-terminus of the peptide, same as the peak observed in the one-peak events, which indicated that the major peak was contributed by the major lipid-binding site. The secondary rupture force peak occurred at the shorter tip-surface distance that accounted for the middle of the peptide, indicating that there should be a secondary lipid-binding site in CD3ε CD . The rupture forces for the secondary lipid-binding site, though smaller, were still comparable with that of the major lipid-binding site, suggesting that it also showed a high dissociation kinetic barrier and could play an important role in CD3ε CD conformational dynamics. In AFM measurements, due to the length variation of the PEG linker molecules and the variation of the conjugation position of the PEG linker on the cantilever tip, the contour length alone is not accurate for the prediction of the position of the lipid-binding sites on the peptide sequence, despite that these events are of the same persistence length and are superimposable (Supplementary information, Figure S2C and S2D). However, the relative contour length increment for the rupture of the two lipid-binding sites can be unambiguously measured in the same force-distance trace and used to estimate the relative position of the two lipid-binding sites along the peptide. As shown in Figure 3B , the contour length increment between two rupture events adopted a Gaussian-like distribution with the most probable distance between the major and secondary lipid-binding sites of 11.08 ± 0.13 nm, accounting for ~33 residues. Although simultaneously picking up two PEG-CD3ε molecules would also result in two-peak events, the frequency would be much less [63] and the distribution of the contour length increment would be an exponential decay, rather than a Gaussian-like distribution. Therefore, we are confident that the specific two-peak force events are not from multiple peptide-lipid attachments. Since the major lipid-binding site is located at the N-terminal BRS region, the secondary lipid-binding site should be located in the middle of CD3ε CD sequence, which includes the first tyrosine of the ITAM ( Figure 3C) .
Notably, the finding of a secondary lipid-binding site of CD3ε CD should not be an artifact from our data selection criterion. In the data analysis, we tried not to arbitrarily preset a range of persistence length or contour length for data filtering. Only the events that did not show clear mechanical features for the PEG linkers and cannot be fitted with the WLC model were excluded. To ensure that the current selection criterion was valid, we used a more rigorous criterion by selecting only the events with contour length and persistence length falling within one-sigma of the mean value (~25-61 nm contour length and ~0.34-0.41 nm persistence length for the onepeak events; ~30-55 nm contour length and ~0.33-0.41 nm persistence length for the major peak of the two-peak events). As shown in Supplementary information, Figure  S3 , the major conclusions under the new criterion were not changed. Especially, the ratio of two-peak events, distance between two peaks, and other conclusions were consistent.
We also observed a similar two-peak event frequency when pulling the peptide from the N-terminus ( Figure 3G and Supplementary information, Figure S4 ). The major rupture force peak with a higher rupture force came before the secondary peak from this pulling direction (Supplementary information, Figure S4A ), again confirming that the major peak was contributed by the BRS. The Gaussian fitting analysis showed that the most probable distance between the major and secondary lipid-binding sites was 13.19 ± 0.98 nm (Supplementary information, Figure S4B ), which agreed well with the value obtained from the C-terminal pulling experiments ( Figure 3B ).
To further study whether the major site and the secondary site could bind to membrane independently, we synthesized mutated and truncated peptides that only preserved a single lipid-binding site in CD3ε CD . The twopeak events were not observed for any of these mutated or truncated peptides, indicating that the two lipid-binding sites contributed to independent peaks in the twopeak events. The rupture forces can be clearly observed for the mutated or truncated peptides, indicating that the two sites can bind to lipids independently. However, both the force value and event frequency were reduced for the mutated or truncated peptide when compared with the WT peptide, suggesting that the two sites are synergistic in lipid binding ( Figure 3F and Supplementary information, Figure S5 ).
Multiple kinetic intermediates between the closed and open conformations of CD3ε cytoplasmic domain
The presence of two lipid-binding sites leads to the division of CD3ε CD into four regions that have different lipid-binding properties: major lipid-binding site, linker, secondary lipid-binding site and C-terminal region (Supplementary information, Figure S6A ). Each of the two lipid-binding sites should act as an integrate module to stably interact with the plasma membrane, thus leading to two independent rupture peaks in the force curve. The fact that we did not observe three-peak or four-peak events suggested that the linker and C-terminal region did not act as an integrate module to interact with membrane. Indeed, a peptide that only contains the linker region or C-terminal region showed an extremely low rupture force event frequency compared with the two lipid-binding sites, indicating that the binding of the linker region or C-terminal region to the lipid is extremely dynamic ( Figure 3G ).
According to the previous NMR structure, the four regions were all inserted into the membrane bilayer when no external force was applied [29] . Gaussian function analysis of the distribution of distance (∆L) between two rupture peaks. The most probable distance was 11.08 ± 0.13 nm (red dashed line). n = 150. (C) The major lipid-binding site of CD3ε CD has been found to be the polybasic region at the N-terminus. Based on the ∆L value, the secondary lipid-binding site of CD3ε CD was estimated to be around the PRS region. The amino acid sequences of BRS, PRS and ITAM were highlighted by magenta, orange and green boxes, respectively. The two lipid-binding sites were highlighted by red dashed lines. (D, E) The rupture-force histograms for the major lipid-binding site (D) and the secondary lipid-binding site (E) at 400 nm/s pulling speed. Data obtained at other speeds were shown in Supplementary information, Figure S6 . The lifetime was calculated according to the Dudko-Hummer-Szabo equation and plotted against the force value. Kramers theory was used to fit the dots to a curve for the calculation of free energy (∆G) required for the disruption of the lipid binding of each site (detailed in Supplementary information, Data S1). n = 150. Dotted curves represent 95% confidence intervals of the best-fit curves obtained by bootstrapping. (F, G) Analysis of force events of WT, truncated and mutant peptides. Cysteine residue was added to the C-terminus or N-terminus for conjugation to AFM tip. (F) The amino acid sequences of hCD3ε CD WT, mutant and truncated peptides used in AFM force spectroscopy. Green and cyan labeled residues represent the mutation sites in hCD3ε CD Mut-MajCys and hCD3ε CD Mut-Sec-Cys peptides, respectively. (G) The force event frequencies for peptides shown in F. Solid bars represent the two-peak force event frequencies.
a conformational state at which the C-terminal region and the secondary lipid-binding site are dissociated from the membrane while the major lipid-binding site is still associated with the membrane, along with the heterogeneous dissociation of the linker from the membrane.
We applied Dudko model to further calculate the relative free energies needed for disrupting the membrane binding of the two lipid-binding sites. In addition to the 400 nm/s pulling speed, we also performed experiments at another two pulling speeds, which increased the dynamic force range for the total data set. The data at the three different pulling speeds (i.e., 400, 1 000 and 2 000 nm/s) followed the same trend when being converted to lifetime-force relationships using the method introduced by Dudko and coworkers [67] (Supplementary information, Figure S7 ). The extracted free energy from force spectroscopy data depends on the theoretical model used to describe the shape of the free energy landscape. We have tried three different types of energy potentials for data fitting (see Supplementary information, Data S1 for details). The harmonic well with a cusp-like potential with a scaling factor ν = 1/2 gave rise to the best fit. The other two models (i.e., Bell-Evans-like barrier with ν = 1 or linear and cubic potential with ν = 2/3) could not fully fit to experimental data. The fitting parameters for the three different models were given in Supplementary information, Table S1 . Based on the cusp-like potential, free energies of activation (∆G) are 13.66 k B T for the major site and 9.76 k B T for the secondary site ( Figure 3D and 3E). A free energy landscape was then generated to demonstrate the dynamic process of the closed-to-open conformational transition of CD3ε CD (Supplementary information, Figure S6C ).
In summary, the major conclusion of the AFM study is the presence of the secondary lipid-binding site that leads to a partially open conformation during the dissociation of CD3ε from the membrane. We would like to emphasize that this conclusion is not affected by AFM setups. Next, we used solution NMR to further confirm this conclusion.
A functionally relevant bicelle system for investigating lipid-dependent conformational dynamics of CD3ε cytoplasmic domain by solution NMR
We previously determined the closed conformation of CD3ε cytoplasmic domain based on the NOE measurements, showing that it is embedded into the membrane [29] . This structure, however, only represents the major conformation but does not contain dynamics information. The CD3ε construct used previously only contains the cytoplasmic domain (CD). Considering that the transmembrane domain (TMD) should have direct impact on the CD dynamics, we designed a new construct CD3ε TMCD that is more physiologically relevant. It contains a truncated extracellular domain, the full TMD and the full CD of human CD3ε (Supplementary information, Figure S8A -S8E). Recombinant hCD3ε TMCD protein was reconstituted into lipid bicelles by a two-step protocol (Supplementary information, Figure S8F ). The far UV Circular Dichroism measurement showed that the reconstituted hCD3ε TMCD had correct folding (Supplementary information, Figure S8G) . We then performed two-dimensional 1 H-15 N transverse relaxation optimized spectroscopy (TROSY) of hCD3ε TMCD reconstituted in acidic POPG lipid bicelles (q = 0.8) to check the sample quality. All cross-peaks were assigned by a set of NMR triple-resonance experiments ( Figure 4A ). Every non-proline residue theoretically should have a cross-peak in the spectrum. However, the TMD residues (S8-S31) did not generate detectable signals because the TMD behaved as an integral part of the big lipid bicelle and tumbled too slowly. The juxtamembrane major lipid-binding site in the CD (K32-K39) was also barely detectable, indicating the slow motion of this region. Other parts of the cytoplasmic domain (V41-I86) yielded good signals in the TROSY spectrum, indicating that they had substantial motion relative to the big lipid bicelles ( Figure 4B ). Similar to the CD3ε CD construct, the CD of the CD3ε TMCD construct was embedded into the membrane because we observed substantial protein-lipid NOE signals ( Figure  6G) . Therefore, the reconstituted hCD3ε TMCD -bicelle was a physiologically relevant system to probe the conformational dynamics of CD3ε cytoplasmic domain in the context of membrane environment.
Intrinsic dynamics of CD3ε cytoplasmic domain
NMR spectroscopy provides a wide coverage of timescale of protein dynamics. Motions on the fast timescale (ps-ns) can be probed by the backbone amide 15 N spin relaxation experiments. We determined the 15 N relaxation parameters of the CD residues, including R1, R2 and the heteronuclear { 1 H}-15 N NOE, with the reconstituted hCD3ε TMCD sample ( Figure 4C-4E ). R1 and R2 are relaxation rates at which the longitudinal and transverse components of magnetization (Mz and Mxy) return to equilibrium after perturbation, respectively, while Figure 4C) . Therefore, the lipid-bound CD should be very flexible. R1 values of the CD residues were large compared with globular and stably folded proteins and showed relatively little variation (the red dash line). The C-terminal sequence had R2 values larger than average, suggesting the presence of conformational exchange in this region.
(1.12-2.03 s
), with an average value of 1.58 s −1 ( Figure  4D ). Large R1 value usually implies large internal motion that is independent on the conformational exchange. R2 values of the CD residues were small, also indicating fast internal motion. In contrast to R1 values, R2 values showed a bigger variation (5.27-26.84 s −1 ), with an average value of 15.46 s −1 ( Figure 4E ). The C-terminal part of ITAM had R2 values larger than average (Figure 4E ), suggesting the presence of conformational exchange in this region.
These data together showed that the lipid-bound CD was dynamic and the C-terminal part of the ITAM might undergo conformational exchange.
Heterogeneous dynamics of the different regions of CD3ε cytoplasmic domain measured by sPRE
The dynamics of the lipid-bound CD can be at the horizontal direction on the membrane surface or be at the vertical direction to cause the transient dissociation of CD3ε CD from the membrane. We developed a sPRE method to specifically probe the vertical motion that is crucial for the closed-to-open conformational transition.
PRE can detect minor conformation of a protein when the exchange kinetics between major and minor conformations is rapid (faster than ~100 μs) and the nucleus in the minor conformation is much closer to the PRE reagent than that in the major conformation [68] . We therefore applied a solvent PRE probe, TEMPOL (4-hydroxy-2,2,6,6, tetramethylpiperidin-1-oxyl), into the hCD3ε TMCD -POPG bicelle sample ( Figure 5A ). If the lipid-bound CD would transiently dissociate from lipids and become open, TEMPOL should sense this minor conformation and increase the transverse relaxation rate (R2) and thus reduce the resonance signals of these residues due to paramagnetic effects.
The CD residues responded heterogeneously to the TEMPOL treatment ( Figure 5B-5D ). Figure 5C showed the transverse PRE rates, Γ 2 , of the backbone amide protons ( 1 HN) measured by a two time-points method [69] , and Figure 5D showed the PRE effects on peak intensities. The two methods gave similar results on PRE effects. The C-terminal region, starting from the middle of the ITAM toward the C-terminus (G73-I86), showed high PRE effects in response to TEMPOL, strongly suggesting that this region had minor conformation that was solvent-exposed. This agreed well with the 15 N spin relaxation data that suggested that the C-terminal part of the ITAM underwent conformational exchange. In contrast, the PRS region and the N-terminal part of ITAM (N55-K72) had low PRE effects, suggesting that this region was stably inserted in the membrane and did not have solvent-exposed minor conformation. To demonstrate that the PRE effects were specifically caused by TEMPOL, we used ascorbic acid (AA) to reduce the free radical of TEMPOL, thereby quenching its PRE effect. We indeed observed the recovery of all resonance signals in the TROSY spectrum (Supplementary information, Figure S9 ).
The sPRE data showed that N55-K72 was stably inserted in the membrane, which agreed well with the AFM finding showing that the secondary lipid-binding site should be allocated in the middle of CD3ε CD and ended at K72. Therefore we defined the N55-K72 as the secondary lipid-binding site that can stably interact with the membrane (Figure 5C and 5D ). The linker (P40-Q54) showed a slightly stronger PRE effect than the secondary lipid-binding site but still a significantly less PRE effect than the C-terminal region. The major lipid-binding site (K32-K39) of the CD3ε TMCD construct was invisible in NMR spectra due to its slow motion.
Collectively, the PRE data showed that the different regions of the CD had distinct conformational dynamics on the vertical direction, which agreed well with the heterogeneous lipid-binding behaviors of the different regions observed in the AFM experiments. The N55-K72 region is defined as the secondary lipid-binding site that can stably interact with the membrane, which confirms the major conclusion of the AFM experiments. Meanwhile, we observed that the C-terminal region showed significantly higher dynamics than other regions. The heterogeneous lipid-dependent conformational dynamics can provide the basis for the heterogeneous conformations of CD3ε cytoplasmic domain.
Regulation of CD3ε cytoplasmic domain conformations by the secondary lipid-binding site
To further study the role of the secondary lipid-binding site, we mutated all the basic and hydrophobic residues in this site to eliminate its lipid-binding capability ( Figure  6A) . We compared the HSQC spectrum of hCD3ε TMCD Mut-sec reconstituted in acidic POPG bicelles with those of hCD3ε TMCD WT reconstituted in acidic POPG bicelles (CD at lipid-bound state, State I) and hCD3ε TMCD WT reconstituted in zwitterionic POPC bicelles (CD at solvent-exposed state, State III) ( Figure 6B-6F) . The residue resonances of the major lipid-binding site and the linker of the mutant overlapped well with those of the hCD3ε TMCD WT-POPG sample, indicating that these two regions in the mutant remained lipid-bound. In contrast, the residue resonances of the secondary lipid-binding site and the C-terminal region of the mutant were more similar to those of the hCD3ε TMCD WT-POPC sample, strongly suggesting that these two regions should be solvent-exposed. Indeed, the NOE signals between ITAM tyrosine side-chains and 
15
N TROSY spectra of the hCD3ε TMCD + POPG bicelle sample before (blue) and after (red) the addition of 15 mM TEMPOL. (C) The transverse PRE rates of the backbone amide protons ( 1 HN-Γ 2 ) of the hCD3ε TMCD + POPG bicelle sample upon the addition of TEMPOL. The dotted bars meant that the PRE effect was too significant to be detected in the two time-points PRE measurement. The polyproline region and the first half of the ITAM (N55-K72, highlighted by red dash line), i.e., the secondary lipid-binding site, showed mild PRE effects (less dynamic). The second half of the ITAM (G73-I86), i.e., the C-terminal region, and the linker region showed stronger PRE effects (more dynamic). (D) Intensity ratio (I/I 0 ) of the backbone amide groups in 1 H-15 N TROSY spectra before (Intensity value I 0 ) and after (Intensity value I) the addition of TEMPOL. The PRE effects of the CD residues showed a similar tendency to C. Again, the secondary lipid-binding site showed the lowest dynamics while the C-terminal region showed the highest dynamics.
lipid acyl chains were undetectable for the hCD3ε TMCD Mut-sec-POPG sample, demonstrating the membrane dissociation of the local region ( Figure 6G ). Mutating the secondary lipid-binding site thus changed the conformation of CD3ε cytoplasmic domain from State I to State II, which further confirmed the importance of lipid binding in regulating CD3ε conformations.
Different antigen stimulations stabilized CD3ε cytoplasmic domain at different open conformations in live T cells
The above biophysical measurements demonstrated that CD3ε cytoplasmic domain had multiple conformations due to the heterogeneous lipid-dependent dynamics of the four regions. We next assessed whether these observations were physiologically relevant in live T cells. It is technically challenging to directly measure CD3 conformational change at the contact site between T cell and antigen presenting cell (APC). We therefore used cover glass-bound peptide-MHC (pMHC) to mimic APC and used TIRF-FRET (Total Internal Reflection Fluorescence-Förster Resonance Energy Transfer) microscopy to specifically measure CD3ε conformational change only at the TCR-pMHC interface. A HA-mCD3ε (YY-FF)-mTFP chimera construct was first transfected into mouse primary OT-I T cells. The mTFP served as a FRET donor and the tyrosines in CD3ε ITAM were mutated to phenylalanines to eliminate the interference of tyrosine phosphorylation on membrane binding. It is known that only the full TCR-CD3 complex but not the subunits can be expressed on the T cell surface [70] . Only a small fraction of the mTFP signals was on the plasma membrane (Supplementary information, Figure S10A ). Surface staining with a HA-tag antibody confirmed the incorporation of HA-mCD3ε (YY-FF)-mTFP into the surface TCR-CD3 complex (Supplementary information, Figure S10B ). Moreover, surface staining of CD3ε by 2C11 antibody showed that the surface TCR level was not changed in transfected OT-I T cells (Supplementary information, Figure S10C) .
A lipid dye DiI that is a FRET acceptor of mTFP was used to label the plasma membrane of the transfected OT-I cells. The FRET effect between mTFP and DiI, which is sensitive to the distance between CD3ε C-terminus and the plasma membrane, could reflect the opening level of the CD3ε cytoplasmic domain. Three different peptide-MHC tetramers, i.e., H2-K b N4 (OVA), G4 and E1, were chosen to stimulate TCR with different potencies. The TCR affinity order follows N4 > G4 > E1 and E1 was found to be a weak agonist/antagonist [5, 71] . During the TIRF-FRET measurement, OT-I cells were treated with a Src kinase inhibitor PP2 to suppress downstream TCR signaling for the purpose of explicitly measuring the impact of antigen binding on CD3ε conformation without the influence of feedback regulations of the downstream signaling. The DiI staining was managed at the similar level between groups to avoid any acceptor level difference caused by artifact. A dequenching method was applied to measure the FRET value between CD3ε CD and the plasma membrane ( Figure 7A ). Upon the stimulations of different antigens, the FRET efficiencies displayed significant differences and correlated with antigen potencies. The FRET efficiency of N4-stimulated T cells was at the lowest level, indicating the highest opening level of CD3ε CD ( Figure 7B ). The FRET efficiency of G4-stimulated T cells was in between those of N4-stimulated T cells and E1-stimulated T cells, indicating the intermediate opening level of CD3ε CD . The FRET efficiency of E1-stimulated T cells was high, indicating low opening level of CD3ε CD . The FRET result agreed well with a previous study showing that the N4 can induce the exposure of the proline-rich sequence of CD3ε CD whereas E1 cannot [24] . The antigen dose (5 µg/ml) that we used in Figure 7B was at the saturating level to trigger all TCR (C-E) The signals of three representative residues, T42 in the N-terminal half of the cytoplasmic domain, Y67 and Y78 in the C-terminal half of the cytoplasmic domain, were enlarged and shown. The signals of T42 of the WT + POPG and Mut-sec + POPG samples appeared at almost the same positions, while the signal positions of Y67 and Y78 of the Mut-sec + POPG sample were close to the corresponding signals of the WT + POPC sample. (F) The ratio of the chemical shift difference (∆δ) induced by mutation (from WT to Mut-sec) against that induced by lipid environment (from POPG to POPC). Larger ∆δ ratio value meant that the corresponding residue of the Mut-sec + POPG sample was more solvent-exposed. (G) Strips from aromatic NOESY spectra showing NOEs (distance of < 5 Å) between the aromatic protons Hδ/Hε of Y67 and Y78 and the methylene protons of the lipid acyl chains. Substantial NOE signals were detected for the WT + POPG sample whereas no NOE signals were detected for the Mut-sec + POPG sample, indicating that mutating key residues in the secondary lipid-binding site led to the dissociation of the ITAM from the membrane. These data suggested that mutating the secondary lipid-binding site changed the conformation of CD3ε cytoplasmic domain from State I to State II. molecules at the cell-plate contact site ( Figure 7C and  7D ). Under such a setup, the FRET efficiency measured at the population level could reflect the FRET efficiency at the single-molecule level.
Taken together, the TIRF-FRET experiments showed that CD3ε could adopt distinct open conformations under different antigen stimulations, which therefore demonstrates the physiological relevance of multiple open CD3ε conformations observed by the above biophysical approaches.
Discussion
Our biophysical experiments present direct evidence of multiple CD3ε conformations that are directly regulated by the heterogeneous lipid-binding properties of the different regions in the CD3ε cytoplasmic domain. Livecell imaging experiments show that different antigens can indeed stabilize CD3ε cytoplasmic domain at distinct conformations. Lipid-dependent CD3 conformational dynamics thus provides structural basis for the functional versatility of TCR. This mechanism may be relevant to many other membrane proteins whose activities are regulated by lipids.
The different regions of CD3ε cytoplasmic domain (Supplementary information, Figure S6A and S6B) have different lipid-binding properties and dynamics. The juxtamembrane BRS region is a basic residue cluster so that it can stably interact with acidic lipids in the plasma membrane by ionic force. It contributed to the major rupture force peak in the AFM measurement and was designated as the major lipid-binding site. The PRS region and the proximal half of the ITAM contributed to the secondary rupture force peak and they together were designated as the secondary lipid-binding site. This site contains rigid proline cluster in the middle and basic and hydrophobic residues on both sides, thus behaving as an integrative module to interact with acidic lipids. To be noted, the major and the secondary sites had independent binding to the PMS. The linker region (region between the two lipid-binding sites) and the C-terminal region (distal half of the ITAM) only contributed to the force accumulation but did not lead to rupture force peaks. Moreover, they showed higher dynamics than the two lipid-binding sites in the NMR measurements. In particular, the C-terminal region had the highest dynamics among the four regions. These data indicated that the lipid binding of the C-terminal region or the linker region was rather weak and unstable. Most likely, the dissociation of CD3ε CD from the membrane in activated T cells would start from the most dynamic C-terminal region and complete at the most stable N-terminal BRS. Figure S6 ). At State II, both the C-terminal region and the secondary site are dissociated from the membrane but the major site and the linker are still in the membrane. In between State I and II, there might be multiple intermediates (together designated as State M1) to transit from the closed conformation to half-open conformation. Similarly, multiple intermediates (together designated as State M2) might also exist between States II and III. These intermediates are too dynamic to be stably measured by the current AFM setup. New technologies will be needed to further study their structural features. Nevertheless, the multiple-conformation concept is supported by our live-cell TIRF-FRET experiments. Antigens with different TCR affinities indeed can stabilize CD3ε cytoplasmic domain at different open conformations. As mentioned above, the CD3ε cytoplasmic domain has three motifs, i.e., ITAM, BRS and PRS, which have distinct signalings or regulatory roles. The major function of ITAM is to recruit ZAP70 to trigger downstream events such as Ca 2+ influx [8] . ITAM needs to be phosphorylated by Lck first to exert its function. Intriguingly, the phosphorylation of the CD3ε ITAM by Lck is dependent on CD3ε BRS [31] . We find that the recognition and phosphorylation of CD3ε by Lck is mediated by the interaction between CD3ε BRS and Lck (unpublished data). Therefore, the opening level of BRS can directly affect ITAM phosphorylation. This is supported by in vivo experiments showing that mutating BRS can significantly impair TCR phosphorylation and proximal signaling in peripheral T cells [25, 28] . Other functions of BRS include the regulation of TCR surface expression level and the migration of TCR to immunological synapse [25, 28, 46] . Intriguingly, mutating BRS causes augmented preTCR signaling but attenuated TCR signaling, demonstrating the complicated roles of BRS in different T cells. The major function of PRS is to recruit Nck via an atypical PxxDY motif that includes the first tyrosine of the ITAM [23, 72, 73] . CD3ε-Nck binding inhibits the phosphorylation of both ITAM tyrosines, and conversely the tyrosine phosphorylation inhibits CD3ε-Nck interaction. These data suggest that PRS and ITAM exert their functions in a mutually exclusive manner. In vivo experiments reveal that CD3ε-Nck interaction not only enhances TCR sensitivity to weak ligands but also contributes to the downregulation of TCR expression on the cell surface [20, 21] . PRS thus may play positive or negative roles in TCR signaling in different scenarios [23, 24] . These studies together show that the functional roles of ITAM, PRS and BRS are complicated and inter-regulated. Their functions should depend on whether they are open and accessible for phosphorylation or interaction with partner proteins. Therefore, different opening levels of the CD3ε cytoplasmic domain will generate functional species with different accessibilities of the three motifs to trigger distinct TCR signalings.
It remains unclear how antigen engagement can directly induce the conformational change of the CD3ε cytoplasmic domain. Two possible models can be considered: allosteric regulation and force-induced movement. The allosteric regulation has been found in many receptors such as G-protein-coupled receptors [74] . The relevance of allosteric regulation in TCR triggering is supported by the findings that antigen-induced conformational changes have been observed in both extracellular and cytoplasmic domains [23, 24, 34, 75] . Moreover, mutating CD3ε stalk region to prevent outside-in conformational transition leads to impaired TCR signaling [18, 19, 37] . On the other hand, mechanical force generated after T cell-APC conjugation might also affect the binding kinetics between CD3 cytoplasmic domains and the membrane [42, 44] . Either allosteric regulation or force-induced movement should be dependent on the binding kinetics between TCR and pMHC and can cause antigen-specific conformational change to initiate TCR signaling.
In summary, our study shows that TCR can adopt different conformations upon different antigen stimulations. Notably, in addition to the conformational dynamics model shown here, other models such as kinetic segregation and kinase regulation have been shown to be crucial in TCR activation [7, 8, 76, 77] . Our finding does not contradict other models but rather support the notion that different factors act together to generate a multi-layered regulation of TCR activation. We propose that TCR activation occurs in two steps (Supplementary information, Figure S11A ) [46] . In resting T cells, the cytoplasmic domains of CD3ε/ζ chains are sequestered in the membrane, therefore adopting a "closed" conformation. The cytoplasmic domains of CD3δ/γ are exposed in the cytosol but they are not able to independently recruit Lck to initiate TCR phosphorylation and signaling (unpublished data). In activated T cells, multiple factors can contribute to the dissociation of the sequestered CD3ε/ζ cytoplasmic domains from the membrane to adopt "open" or "partially open" conformation (Step 1) [46] . Under different antigen stimulations, TCR can adopt distinct open states with different opening levels of CD3 functional motifs (Supplementary information, Figure S11B ). Following the opening of CD3 cytoplasmic domains, the exposed functional motifs are either phosphorylated or interact with downstream signaling molecules to become "activated" (Step 2). The kinase-phosphatase equilibrium should play a key role in Step 2 in regulating ITAM phosphorylation. Kinetic segregation of phosphatases and the local enrichment of active Lck are both important to initiate TCR phosphorylation [7, 8, 76, 77] . Altogether, the initial TCR triggering is regulated by a complex mechanism and modulation of either lipid binding-dissociation equilibrium or kinase-phosphatase equilibrium can affect the final outcome of TCR activation. carbocyanine Perchlorate) were from Life Technologies. PP2 was from Selleck Chemicals. IL-2 was from Peprotech. Proteinase K was from Tiangen Biotech (Beijing). Polybrene, F-actin staining reagent Phalloidin-TRITC, complete protease inhibitor cocktail, Iodoacetamide, Trichloroacetic acid, Formic acid, Poly-L-lysine, Aminopropyltriethoxysilane (APTES), diisopropylethylamine (DIPEA), triethylamine, TEMPOL and Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) were from Sigma-Aldrich. Maleimide-PEG-NHS (MW: 5 000) and Methyl-PEG-NHS (MW: 2 000) were from NANOCS (New York, USA). Nickel-affinity column was from QIAGEN. Ascorbic acid was from Shanghai Bio Science & Technology. Co., LTD. 293FT cells were obtained from Cell Bank of Chinese Academy of Sciences, and they have no mycoplasma contamination.
Materials and Methods
Reagents
Reconstitution of hCD3ε TMCD into lipid bicelles
The hCD3ε TMCD peptide powder was first dissolved by 400 mM DHPC solution, and POPG or POPC powder was subsequently added into this solution. After several rounds of freezing and thawing, the POPG or POPC bicelles with reconstituted hCD3ε TMCD can be successfully made.
The secondary structure of hCD3ε TMCD in bicelles was examined by far UV Circular Dichroism. Spectrum was recorded from 190 to 250 nm at 20 °C in a 0.1 cm path length quartz cuvette using a J-715 spectrometer from JASCO Corporation. The experimental samples contained 10 µM hCD3ε TMCD , 4 mM POPG bicelles (q = 0.8) and 10 mM Bis-Tris-HCl buffer, pH 6.7. The control sample contained all the components except hCD3ε TMCD .
NMR experiments
Most NMR experiments were acquired at 298K using cryoprobe-equipped Bruker AVANCE 600 MHz and 900 MHz spectrometers with a pulsed field gradient triple-resonance probe. All spectra were processed using the program NMRPipe [78] and analyzed by NMRView [79] and KUJIRA [80] . Peak intensities were measured by NMRView.
Chemical shift assignments of the backbone
We performed the two-dimensional 1 POPG bicelles (q = 0.8) and 20 mM Bis-Tris, pH 6.7. 1 H-15 N TROSY spectra were measured at the TEMPOL concentration of 0 mM and 15 mM, respectively. To quench the PRE effect of TEM-POL, 11.25 mM AA (molar ratio of TEMPOL:AA = 1:0.75; higher concentration of AA would result in the sample precipitation) was added into the NMR samples. The transverse relaxation rates of the amide protons ( 1 HN-Γ 2 ) were measured using two time-points method [69] . Peak intensity changes induced by TEMPOL were also measured for the two 1 H- 15 N TROSY spectra at the TEMPOL concentration of 0 mM and 15 mM, respectively.
PMS preparation
293FT cells were cultured on poly-L-lysine coated cover glass for 24-36 h, after that, the cells were swelled by deionized water for 1 min. Then the cell-attached cover glass was covered by another poly-L-lysine coated cover glass, forming a cover glasscell-cover glass sandwich. After that, the upper cover glass was removed carefully, which ripped off the apical part of the cell membrane but left the basal cell membrane on the bottom cover glass. The inner leaflet of the basal membrane faced upward. The basal PMSs were further treated by Proteinase K to remove nearly all proteins on the membrane and thus made the lipid surface fully exposed. After being washed with PBS, the PMS was treated with 10 mM EGTA for 10 min to remove Ca 2+ ions. Then PMS was stained with a membrane dye -Octadecyl Rhodamine B Chloride -R18 (3.75 µM in PBS). After being washed with PBS, each cover glass was stuck on the bottom of a 60 mm dish (Nunc) by double sticky tape for the following AFM experiment. To check the efficiency of Proteinase K treatment, the PMS sample was stained by Phalloidin-TRITC at room temperature for 30 min before EGTA treatment for subsequent fluorescent microscopy imaging (detailed in Supplementary information, Data S1).
Rupture force measurement and data analysis
A NanoWizard II AFM machine (JPK) equipped with an inverted fluorescence microscope (Olympus) was used to measure rupture forces between the hCD3ε CD peptide and freshly prepared PMSs. The surface delay time was set to 1 s and the constant force set point was set to 100 pN. The cantilevers (MLCT-D, Bruker, with advertised resonance frequency around 15 kHz in air and spring constant around 30 pN nm −1 in air) were calibrated to get the accurate deflection sensitivities and spring constants. Force-distance curves were recorded by JPK analysis software and analyzed by IGOR Pro 6.04 software (Wave Metrics). Specific force curves were fit with WLC model (IGOR program) to obtain the contour length, persistence length and force amplitude values, which were further analyzed by GraphPad Prism 5 (GraphPad Software) to fit their distribution histograms with Gaussian function to obtain the most probable values (detailed in Supplementary information, Data S1).
Mouse primary OT-I T cell transfection
Splenocytes were isolated from OT-I TCR transgenic mice and cultured in RPMI-1640 medium containing 10% FBS, 1% penicillin/streptomycin, 100 ng/ml IL-2 and 10 nM OVA 257-264 peptide for 3 days. After that, most cells were OT-I cytotoxic T lymphocytes (CTLs) in the medium. CTLs were then transfected with the PMXs-HA-mCD3ε (YY-FF)-mTFP1 chimera construct by retrovirus. In this construct, the two ITAM tyrosines were mutated to phenylalanines to avoid the interference of tyrosine phosphorylation on CD3 conformation. 7.5 × 10 5 CTLs (in 1.5 ml RPMI-1640 medium) and 1 ml of retrovirus were mixed in the well of 12-well culture plate. 100 ng/ml IL-2 was added to the system. The plate was spun at 1 200× g, 30 ºC for 2 h. After spin infection, the cells were cultured for 10 h. Then we did the spin infection again with new viruses. After 10 h, the cells were cultured with fresh RPMI-1640 medium for 1 day and the transfection efficiency was examined by FACS.
Dequenching TIRF-FRET
Nunc Lab-Tek II Chamber Cover Glass (1.5 Borosilicate glass, 8 wells; Thermo Fisher Scientific, USA) was coated with H-2K b OVA tetramer N4, G4, E1, respectively. One million OT-I CTL cells transfected with HA-mCD3ε (YY-FF)-mTFP1 construct were stained with 3 µM DiI lipid dye (Thermo Fisher Scientific, USA) in 37 ºC water bath for 15 min. After that, the cells were treated with 50 µM PP2 (a Src kinase inhibitor) in 37 ºC water bath for 10 min to block TCR signaling. The cell suspension was then loaded into one well for the subsequent TIRF-FRET measurement (detailed in Supplementary information, Data S1).
Statistical analysis
The normal distribution of the data sets was first analyzed by the D'Agostino and Pearson normality test. Then, the variation within each data set was analyzed to ensure that only data sets with similar variance were statistically compared. For data with normal distribution, the statistic significance was determined by the unpaired two-tailed Student's t-test. For data without normal distribution, the statistic significance was determined by the twotailed Mann-Whitney test. Data were shown as mean ± SEM, n.s., not significant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001. Data analysis was performed by GraphPad Prism 5 software.
